Alkali metal (Li + , Na + , K + ) intercalated titanate nanotubes have been studied by vibrational spectroscopy (Raman and FT-infrared), X-ray diffraction, and electron microscopy. The vibrational spectroscopic data shown that the most affected vibrational mode is that related to Ti-O bond whose oxygen is not shared among the TiO 6 units of the framework structure. A correlation between vibrational frequency shifts and intercalated metal was found, thus showing that vibrational spectroscopy is very useful for probing metal intercalated titanate nanotubes. Our results provide good evidences that the structure of titanate layers in titanate nanotube, a subject of long debate in the literature, is similar to trititanates (like Na 2 Ti 3 O 7 ).
Introduction
Elongated TiO 2 based nanostructures such as nanotubes and nanoribbons exhibit some properties that differ from their bulk counterparts [1, 2] . In particular, alkali titanate nanotubes have received a great deal of attention, in part because these nanomaterials have a large surface area that leads to a wide variety of applications. Alkali titanates, usually possessing a layered or tunnel-type structure, have been the subject of extensive investigation and may be applied to photocatalysis, photoluminescence and dye-sensitized solar cells due to their excellent ion-exchange ability and photocatalytic activities [2] [3] [4] [5] [6] [7] [8] .
Alkali titanate nanotubes have mostly been prepared through hydrothermal treatment of TiO 2 powders in aqueous NaOH solutions. This method is very simple, inexpensive and efficient for obtaining samples with sharp morphological distribution [9] . However, a debate has been established in the literature regarding the composition and atomic structure of the titanate nanotubes [7, [10] [11] [12] [13] [14] . Several models have been proposed to the composition and atomic structure of titanate nanotubes [9, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Sodium trititanate (Na 2 Ti 3 O 7 ) is regarded as one of the candidates for a similar atomic structure observed in the walls of titanate nanotubes [14, 18] . Different groups agree that hydrothermal treatment induces the breaking of chemical bonds of the three-dimensional TiO 2 structure by highly concentrated aqueous solution of NaOH. After that, there is the formation of intermediate titanate sheets and the nanotubes are formed by rolling up of these intermediate sheets, thus forming a scroll-like geometry [20] .
Sodium trititanate nanotubes have a structure in which TiO 6 octahedra join each other to form layers carrying negative electrical charges and exchangeable sodium cations between the layers [22] . The optical properties of titanate nanotubes can be modified in a controlled way using ion exchange reactions (or intercalation) of other metals [6, 16, 23, 24] . Such methodology is suitable for probing changes in the chemical bonds of the structure, thus, allowing one to further understand the titanate nanotube composition and structure [25, 26] .
In this work, we report a study on the structural and vibrational properties of the sodium titanate nanotubes prepared by hydrothermal method (Na + intercalated nanotubes) and submitted to ion exchange reactions for obtaining Li + and K + intercalated titanate nanotubes. By analyzing the vibrational data obtained and based on the information available in the literature for both nanotubes and bulk titanates [22, 25, 27, 28] , we have studied the ion intercalation effects in the titanate nanotube structure. The intercalation affects the vibrational properties of the titanate nanotubes to a great extent. The wavenumber shifts for some Ti-O vibrations due to intercalation by different metals are discussed and the correlation with the atomic bonds is made. Open access under the Elsevier OA license.
Open access under the Elsevier OA license.
Experimental
All chemicals (reagent grade, Aldrich, Merck, or Baker Analyzed) were used as received, without further purification. All solutions were prepared with deionized water.
Preparation of titanate nanotubes
Sodium titanate nanotubes (Na-TiNT) were prepared as described previously by Ferreira et al. [18] . In a typical synthesis, 2.00 g (25.0 mmol) of TiO 2 (anatase) were suspended in 60 mL of 10 mol L −1 aqueous NaOH solution for 30 min in a beaker. The white suspension formed was transferred to a 90 mL Teflon-lined stainless steel autoclave and kept at 165 ± 5 • C for 170 h. After that, the autoclave was naturally cooled down to room temperature and the obtained sample was subsequently filtered and washed several times with deionized water until pH 11-12. The sample was dried at 60 ± 10 • C for 24 h.
Ion exchange reactions of titanate nanotubes
We used Na-TiNTs for exchange reactions because the methodology we used in the synthesis generates Na intercalated TiNTs and they are suitable for exchange reactions without going through the protonation process.
Metal ion (Li + and K + ) exchange reactions were carried out by suspending 100 mg of Na-TiNTs in 100 mL of 0.05 mol L −1 aqueous solutions of LiNO 3 and KNO 3 , respectively. The suspension was left under magnetic stirring for 24 h at room temperature (at about 25 • C). The solid product was isolated by centrifugation under 3000 rpm and it was washed several times with deionized water aiming to remove the remaining soluble ions from the precursor. The solid product was dried under vacuum conditions during 6 h to obtain the metal intercalated titanate nanotubes (Li-TiNT and K-TiNT).
Characterization
Fourier transform infrared (FT-IR) spectra were recorded using the KBr pellet (transmission) and ATR FT-IR technique on a Bomen FTLA 2000 and a Bruker Vertex 70 spectrometer, respectively. A total of 64 scans and a resolution of 4 cm −1 were used for getting spectra with good signal to noise ratios. The Raman spectroscopy experiments were performed on a Jobin-Yvon T6400 spectrometer equipped with an Olympus microscope. A 532 nm laser Verdi V-5 from Coherent was used for exciting the Raman spectra. Low laser power density was used in order to avoid sample overheating. A spectral resolution of 1 cm −1 was used and measurements were performed using a backscattering geometry. X-ray powder diffraction (XRD) patterns were obtained with a Shimadzu XRD7000 diffractometer, using Cu K␣ ( = 1.5406Å) radiation operating with 30 mA and 40 kV. A scan rate of 1 min −1 was used. Transmission electron microscopy (TEM) images were obtained using a FEI-Tecnai G 2 S-Twin setup both operating with 200 kV. The TEM samples were prepared by dropping an aqueous suspension of the sample powder on a holey carbon-coated copper grid and letting the water evaporate at room temperature.
Results and discussion
In order to study the vibrational properties of titanate nanostructures we first review the group theory analysis of vibrations for Na 2 Ti 3 O 7 bulk structures. Bulk Na 2 Ti 3 O 7 at room temperature exhibits a lamellar structure (monoclinic, space group P2 1 /m (C 2h 2 )) with two formulas per unit cell (Z = 2). Group theory predicts that Na 2 Ti 3 O 7 would exhibit 69 vibrational modes distributed among the irreducible representations as follows: 24 A g + 11 A u + 12 B g + 22 B u . Both A g (A u ) and B g (B u ) are Raman (IR) active representations. Before discussing the vibrational data of alkali metal intercalated titanate nanotubes, we should mention that these materials have a scroll-like structure and it is not appropriate to apply standard factor group analysis, because there is no radial symmetry. Therefore, the analysis will consider the atomic vibrations in comparing with Na 2 Ti 3 O 7 without specifying the mode symmetry.
In Fig. 1 , we show the FT-IR spectra for alkali-metal intercalated titanate nanotubes. It is clear from the spectral features that the tubular morphology is preserved after promoting the ionic exchange reactions. However, the energy of some vibrational modes depends on the intercalated ion. The highest energy mode (898 cm −1 ) which is assigned to the stretching of the Ti-O bonds (from distorted TiO 6 octahedron) whose oxygen is unshared, as described in Refs. [6, 14, 18, 29] , was affected by the different ions, and the wavenumber of this mode depends on intercalated ions as follows: K + > Na + > Li + . The modes at about 480 and 540 cm −1 exhibit a different behavior getting a slight hardening, i.e., K + < Na + < Li + . The for Ti-O (898 cm −1 ) is about 29 cm −1 , being much larger than for the 480 cm −1 mode which is about 4 cm −1 (close to the applied spectral resolution). The changes in the energy of these vibrational modes can be associated with the different intercalated ions in the nanotube walls. Although the ions have the same positive charge, it is expected that they would distort the electronic cloud of the oxygen atoms from octahedra (nanotube walls) in different ways. As a consequence, the charge redistribution renormalizes the Ti-O bond strength, thus changing the vibrational energies. Due to the different electronegativities, it is expected that Li would transfer more charge to the layers, thus softening the Ti-O bond as compared with Na + and K + . The modes at about 480 cm −1 are practically unchanged, because these modes can be assigned as bending modes of TiO 6 octahedra (mainly involving shared oxygen atoms) and they do not interact directly with intercalated ions. The ATR FT-IR spectra for alkali-metal intercalated titanate nanotubes (see the Supplementary material) were recorded to investigate the possible effects of KBr pelleting on the nanotubes vibrations. However, we did not observe any difference in the ATR FT-IR spectra as compared with transmission FT-IR spectra (KBr pellets).
The Raman spectra of alkali-metal-intercalated titanate nanotubes are shown in Fig. 2 . According to previous works, the bands at about 160 and 196 cm −1 are attributed to the Na. . .O-Ti bending modes. The bands at about 280, 454, and 663 cm −1 are assigned Table 1 Ionic radii (pm) of Li + , Na + and K + [33] , and highest FT-IR and Raman wavenumbers and Raman Lattice modes for intercalated nanotubes.
Intercalated ion
Radii ( [6, 9, 25, 29, 30] . Similarly to FT-IR spectra, we observe that the highest energy mode has its wavenumber considerably affected by the intercalated ionic species. The for the highest Raman mode is about 24 cm −1 (893 cm −1 for Li-TiNT and 917 cm −1 for K-TiNT), in accordance with FT-IR results. Some lower energy modes (about 655 and 196 cm −1 ) also change their wavenumbers but the changes are not much pronounced, the shifts being about 7-9 cm −1 , which is considerably smaller than the bandwidth. Furthermore, different degrees of structural disorder can lead to such shifts. For both FT-IR and Raman, the most affected mode is that related to Ti-O bond whose oxygen is not shared among the TiO 6 units (at the corner of the TiO 6 octahedral slab). This is a good evidence that the structure of sodium titanate layers is similar to sodium trititanate, Na 2 Ti 3 O 7 , since that structure has these Ti-O terminal bonds where the oxygen is unshared [6, 14, 18, 31] . Lepidocrocite-type [21] In order to better understand the structure-vibrational spectrum relationship, X-ray diffraction experiments were performed which provide information about the interlayer distance as well as about the crystalline order within the layers. Similar to what vibrational spectra pointed out, the X-ray diffraction data (Fig. 3) indicated that both the structure and the morphology of ionintercalated titanate nanotubes are preserved. The ion intercalation affected the diagonal planes of the nanotube structure at about 36 • [15] . The peak at about 10 • (200 plane) is related to interlayer distance [32] and we observed, trough 2Â position, in these measurements that Na + intercalated nanotubes present the largest interlayer distance for the intercalated ions studied here. The interlayer distances were estimated by XRD and they were obtained 0.89, 0.90 and 0.95 nm for K + , Li + and Na + intercalated titanate nanotubes, respectively. The XRD data revealed the following sequence for interlayer distance: d(Na-TiNT) > d(Li-TiNT) > d(K-TiNT) as schematically show in Fig. 4 . The relation d(Na-TiNT) > d(Li-TiNT) is expected since the ionic radius of Li + is smaller than that of Na + . The ionic radii for Li + , Na + and K + are listed in Table 1 , according to Shannon and Prewitt [33] . However, the smallest value observed in the K + intercalated TiNTs for Fig. 4 . Schematic figure showing decrease of the interlayer distance when Na + is replaced by Li + and K + . Na + , K + and Li + were represented by yellow, blue, and red circles, respectively. TiO6 − units were represented by gray octahedra. The black lines are used to illustrate the different interplanar distances. interlayer distance, as observed earlier [34] , cannot be explained by dependence on ionic radii, because K + has the largest radius as compared with Li + and Na + . The contraction of layers due to K + intercalation has also been observed for other titanates [34] . We do not have a model for explaining the interlayer contraction in case of K + intercalation but this phenomenon is also tracked in the low wavenumber Raman modes where K. . .O-Ti bending mode exhibits shift towards lower wavenumbers when Na + is replaced by K + (from 196 to 189 cm −1 , respectively) and thus indicating an increase of potassium-titanium distance in K. . .O-Ti (see Table 1 ). Fig. 5 , high resolution TEM images of (a) K + , (b) Li + and (c) Na + intercalated titanate nanotubes, shows that tubular morphology was preserved as described in other works [6, 20] . We also observed changes in the average interlayer distance being 0.73, 0.75 and 0.77 nm for K + , Li + and Na + intercalated titanate nanotubes, respectively, the same sequence as those observed in X-ray data. The average interlayer distance in Na-TiNT was observed in previous studies between 0.8 and 0.9 nm, depending of the Na solution concentration in the synthesis of the titanate nanotubes [16, 18, 35] . The deviation between HRTEM observation and XRD detection may be caused by the dehydration of the titanate nanotube samples when they are exposed to the electron beam during HRTEM measurements.
EDS (energy dispersive X-ray spectroscopy) analyses were employed (see Supplementary Material) for evaluating the chemical composition after the K + ion exchange reactions. The EDS analyses showed an almost total exchange of Na + by K + , but there is still some residual amount of Na + in the exchanged nanotubes.
Conclusions
Vibrational, structural and morphological properties of alkali-metal intercalated titanate nanotubes have been reported. We have confirmed that the tubular morphology and structure are preserved after promoting the ionic exchange reactions with Li + and K + . Vibrational spectroscopy had shown that some vibrational modes were affected by the ionic exchange reactions. The most affected mode is that related to Ti-O bonds whose oxygen is not shared among the TiO 6 units (at the corner of the TiO 6 octahedral slabs) and its wavenumber increases as the ion electronegativity increases. The wavenumber dependence of Ti-O modes on different alkali intercalation provides evidences that the structure of titanate layers is similar to trititanate bulk structure. Additionally, this study shows that vibrational spectroscopy is very useful for probing metal intercalated titanate nanotubes.
